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patients with undetectable plasma viremia (HIV-1 RNA), and patients are gaining weight. But the weight gain is primarily visceral adipose tissue, sometimes associated with peripheral lipoatrophy. Longitudinal and cross-sectional studies indicate that muscle or lean mass is not being restored to normal levels (22, 24) . Failure to maintain/restore lean mass appears to be particularly problematic in HIV-infected people with initially low (Ͻ15%) body fat content (26) .
The pathogenesis for HIV-associated muscle wasting is only partially understood. Nutritional, hormonal, biochemical, inflammatory, viral, and behavioral factors play a role (21, 25, 26, 33, 38) . It appears that protein synthetic and proteolytic pathways are both involved. We have reported that, under controlled nutritional conditions, acquired immunodeficiency syndome (AIDS) muscle wasting is associated with a dysregulation of muscle amino acid metabolism compared with asymptomatic HIV-infected people and seronegative control subjects (44) . In AIDS wasting, the portion of whole body protein synthesis that is devoted to the synthesis of muscle proteins is lower, and glutamine rate of appearance into the circulation (R a Gln) is higher than in HIV-asymptomatic and control subjects. Llovera et al. (20) reported greater expression of the genes encoding for the ubiquitin-ATP-dependent proteolytic system in muscle samples obtained from AIDS-wasting patients than in seronegative control subjects. Transgenic mice expressing HIV-1 develop muscle wasting, leukocyte infiltration into muscle, and increased mRNA expression for ubiquitin and proteasome core proteins (13) . Interestingly, when these mice were treated with a chemical inhibitor of IB kinase 2, nuclear factor-B-dependent gene expression was suppressed, muscle mass was preserved, and life span was increased. In humans, it is not clear whether HIV infection per se signals the dysregulation of muscle amino acid metabolism.
We hypothesized that HIV, or some viral factor associated with chronic HIV infection, is responsible for the observed dysregulation of muscle amino acid/protein metabolism. To test this, we determined whether a reduction in plasma HIV-1 RNA (Ն1 log) increases muscle protein synthesis rate and reduces R a Gln and muscle proteasome activity in people living with advanced HIV infection.
METHODS

Subjects. HIV-infected volunteers were recruited from the AIDS Clinical Trials Unit and the Infectious Disease Clinics at Washington
University School of Medicine (Table 1) . Ten HIV-positive men and one HIV-positive woman [22- 3 ) copies/ml, median CD4 98 (0 -311) cells/l] were enrolled. All subjects were weight stable (Ϯ5%) for 1 mo before enrollment. Two of these subjects had no history of weight loss, were initially naive to all anti-HIV medications, and were scheduled to initiate HAART ( Table 2) . Nine of the subjects had lost weight in the past and were experienced patients who were clinically stable on HAART for Ն1 mo before enrollment but were scheduled to change to a "salvage" HAART regimen because they were developing resistance to their current HAART regimen. Muscle amino acid metabolism was examined at baseline (High HIV RNA) and 4.2 Ϯ 1.8 mo after the medication change when plasma HIV RNA was reduced (Low HIV RNA).
Before enrollment, volunteers received a physical examination, including a medical/medication history, a blood chemistry profile, serum endocrine profile [testosterone, IGF-I, insulin, C-peptide, glucagon, leptin, cortisol, TSH, and thyroxine], complete blood cell count (including CD4 count), and plasma HIV RNA quantitation (Roche Amplicor HIV-1 Monitor; Roche Diagnostics, Indianapolis, IN). Volunteers with plasma HIV-1 RNA Ͼ10,000 copies/ml were included. Volunteers were excluded if they were taking prescription medications that might affect muscle amino acid metabolism (␤-adrenergic blockers, ␤-agonists, Ca 2ϩ channel blockers, corticosteroids) or if they had a metabolic (e.g., diabetes), neuromuscular (moderate to severe peripheral neuropathy), or other disorder that might affect muscle amino acid metabolism. None of the subjects took anabolic agents or appetite stimulants during the course of the study and for Ն1 mo before the baseline study. None of the subjects was exercise trained or participated regularly in exercise activities that would constitute exercise training (as defined in Ref. 29) . The Human Studies Committee at Washington University School of Medicine approved the study, and all subjects provided informed consent before participating.
Dietary control. Subjects were admitted to the General Clinical Research Center (GCRC) for a 48-h period. During that time, they consumed a flesh-free diet containing defined, adequate amounts of protein and calories. Flesh-free meals were employed to reduce the effects of dietary creatinine on 24-h urinary creatinine excretion measurements used to estimate whole body muscle mass (37) . Before admission, a research dietician surveyed each participant's typical eating habits and designed the 2-day meal plan to provide 1.5 g protein ⅐ kg Ϫ1 ⅐ day Ϫ1 and 130 -190 kJ (31-45 kcal) ⅐ kg Ϫ1 ⅐ day Ϫ1 . Of the total calories, ϳ20% was derived from protein, ϳ50% from carbohydrate, and ϳ30% from fat. The controlled intake did not differ in composition from the subject's habitual intake. The meals were prepared in the GCRC Research Kitchen and served to the subjects in the GCRC. The subjects were instructed to eat all food provided and no other food/drink. Any small amount not consumed was weighed, and the daily intake record was corrected accordingly.
Body composition. After an overnight fast, whole body and regional fat and fat-free mass (FFM) were measured using a Hologic QDR-2000 enhanced-array whole body dual-energy X-ray absorptiometer (Waltham, MA). Whole body images were obtained at baseline and after plasma HIV RNA was reduced. Both images for each subject were processed by the same technologist using Hologic software (v. 5.64A).
Estimates of total body muscle mass were derived by averaging two 24-h urine creatinine excretion values and by assuming that 1 g of urinary creatinine excreted per day is equivalent to 20 kg muscle mass (37) . Urine creatinine concentration was measured using a stable isotope dilution assay and gas chromatography-mass spectrometry [Agilent 6890N Gas Chromatograph and Agilent 5973N Mass Selective Detector (GC-MS), Palo Alto, CA] as described (41) .
Total body water (TBW; intra-and extracellular) was measured by the dilution of orally administered 2 H2O (0.25 g/kg; Cambridge Isotope Laboratories) into body fluids, as described previously (30, 43) . Serum samples (2 ml) were obtained before and 3 and 4 h after administration of 2 H2O. Two hundred microliters of an internal standard were added ([ 2 H9]-tert-butanol), and 2 H2O enrichment was measured using 1 H magnetic resonance spectroscopy. TBW was calculated from the average of the 3-and 4-h samples (30) .
Whole body glutamine and leucine rates of appearance and muscle protein synthesis rate. After the evening meal on day 2 (1800), whole body and skeletal muscle amino acid kinetics were determined during a 13-h overnight (1900 -0800) intravenous infusion of [2- 15 N]glutamine (6.8 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 , ϳ99 atom%; Cambridge Isotope Laboratories, Andover, MA) (9, 44) . A primed (7.58 mol/kg) constant intravenous infusion (7.58 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 ) of [1-13 C]leucine (ϳ99atom%, Cambridge Isotope Laboratories) was used to measure the rates of whole body proteolysis, nonoxidative leucine disposal, and leucine oxidation, using the reciprocal pool model (15, 21, 23, 32) , and to measure the in vivo fractional rate of incorporation of [ 13 C]leucine into skeletal muscle proteins (2, 40, 42, 44) . Amino acid kinetics were measured after an overnight fast and expressed per kilogram of FFM.
In blood samples obtained before and at 30-min intervals during the last 2.5 h of the amino acid tracer infusions, plasma glutamine was isolated using a modification of a described anion-exchange chromatographic method (8) . [U-
13 C5]glutamine (Cambridge Isotope Laboratories) was added to the plasma before isolation and used as an internal standard for the quantification of plasma glutamine concentration. Plasma glutamine was converted to the N-heptafluorobutyryl propyl ester derivative and analyzed using GC-MS in negative ion chemical ionization mode (7) . 15 N enrichment was determined by selected ion monitoring of ion intensity at mass-to-charge ratios (m/z) of 407 and 408, and glutamine concentration was determined by monitoring ions at m/z 407 and 412 at the appropriate retention time. Plasma R a Gln was calculated as described (8, 9) .
For quantitation of plasma leucine concentration, [U-13 C6]leucine (Cambridge Isotope Laboratories) was added to the plasma before isolation and used as an internal standard. Plasma leucine was converted to the N-heptafluorobutyryl propyl ester derivative and analyzed using GC-MS in negative ion chemical ionization mode. Leucine concentration was determined by monitoring ions at m/z 349 and 355 at the appropriate retention time.
In the same blood samples, plasma ␣-ketoisocaproic acid (KIC) was isolated and derivatized, and 13 C enrichment was measured (selected ion monitoring of m/z 232 and 233) using GC-electron ionization-MS (32, 44) . The plasma [␣- 13 C]KIC enrichment value was used to calculate the rate of whole body protein breakdown (23, 40, 44) .
Exhaled breath samples were collected into 20-ml evacuated tubes (Becton-Dickinson Vacutainer; Franklin Lakes, NJ) before and at the end of the amino acid tracer infusion. Breath samples were analyzed for 13 CO2 enrichment (m/z 45 and 44 ions) using a gas isotope ratio-MS (Finnigan Deltaϩ XL-IRMS, Bremen, Germany). The 13 CO2 enrichment values were used in conjunction with 15-min measurements of CO2 production (ml/min) made at the same time points using a Delta-Trac indirect calorimeter (Sensormedics, Yorba Linda, CA) to determine the rate of whole body leucine oxidation (23, 44) . The difference between the measured whole body protein breakdown rate and leucine oxidation rate is the nonoxidative disposal rate of leucine, which represents the whole body protein synthesis rate (23, 40, 44) . Indirect calorimetry was also used to measure resting metabolic rate (RMR).
The fractional rate of mixed muscle protein synthesis was measured as the in vivo rate of incorporation of [
13 C]leucine into proteins isolated from two vastus lateralis muscle samples obtained ϳ12 h apart during the tracer infusion study. One muscle sample was removed 90 min after the tracer amino acid infusion began, and a second muscle sample was removed from the contralateral vastus lateralis at the end of the infusion. Tissue free amino acids were extracted from 10 -20 mg of muscle by homogenization in 10% trichloroacetic acid (TCA). The N-heptafluorobutyryl propyl esters were formed (7) , and the [ 13 C]leucine abundance was measured by selected ion monitoring of ions at m/z 349 and 350 with GC-MS. The muscle free [ 13 C]leucine enrichment was used to represent the precursor pool enrichment (2, 3, 39) for the calculation of mixed muscle protein synthesis rate (Ks, in %/day).
[ 13 C]leucine enrichment in mixed muscle proteins (TCA precipitate) was measured using GC-combustion-IRMS (2, 42, 44) . The N-acetyl-n-propyl esters were formed, leucine was separated on a DB-1 capillary GC column (P. J. Cobert, St. Louis, MO) and combusted to CO2 (960°C), and the 13 CO2-to-12 CO2 ratio was analyzed (m/z 44 and 45) using IRMS. Mixed muscle protein synthesis rate (%/h) was calculated as described (2, 42, 44) . As before, we calculated the portion of whole body protein synthesis rate that was accounted for by the synthesis of mixed muscle proteins. This calculation required a conversion of the fractional rate of mixed muscle protein synthesis (%/h) to the absolute rate of mixed muscle protein synthesis (g protein/h), using the product of the fractional rate of muscle protein synthesis (measured in the vastus lateralis) and whole body muscle mass (from urine creatinine excretion). This requires the assumption that muscle is 19% protein (2, 44) and that leucine comprises 7% of all muscle proteins (23) . It also assumes that the branched-chain amino acid leucine has only two intracellular metabolic fates: deamination and conversion to KIC for subsequent oxidation to CO2 or incorporation into proteins (nonoxidative leucine disposal).
Muscle proteasome catalytic activity. To assess functional activation of the ubiquitin-proteasome pathway in skeletal muscle extracts, we measured the three best characterized ATP-ubiquitin-independent peptidase activities of the 20S proteasome core: chymotrypsin-like (ChT-L), trypsin-like (T-L), and peptidyl glutamyl peptide hydrolase (PGPH) (35) .
Peptidase activities were measured in crude muscle extracts by monitoring the release of 7-amido-4-methylcoumarin from synthetic peptide substrates, N-succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (N-suc-LLVY-AMC) for ChT-L activity, N-tert-butyloxycarbonylLeu-Ser-Thr-Arg-7-amido-4-methylcoumarin (N-t-BOC-LSTR-AMC) for T-L activity, and N-benzyloxycarbonyl-Leu-Leu-Glu-7-amido-4-methylcoumarin (N-CBZ-LLE-AMC) for PGPH activity.
Muscle samples obtained at the end of the tracer infusion were used for peptidase activity determination. Frozen tissue (10 mg wet wt) was homogenized in 1 ml of buffer containing 50 mM Tris, pH 8.0, 1 mM EDTA, 1 mM EGTA, 10% (vol/vol) glycerol, 2 mM pepstatin A, and 50 nM E-64 [trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane] on ice in an all-glass Potter-Elvehjem tissue grinder. Homogenates were sonicated and centrifuged at 15,000 g for 10 min at 0 -4°C. The supernatants were transferred to clean tubes and kept on ice.
The reaction mixture contained between 240 and 370 g of extracted muscle protein, 50 mM Tris, pH 8.0, 1 mM EDTA, 1 mM EGTA, 2 mM DTT, and 40 M N-suc-LLVY-AMC (for ChT-L), 40 M N-t-BOC-LSTR-AMC (for T-L), and 100 M N-CBZ-LLE-AMC (for PGPH) activity. Protein was determined by the Biuret method using bovine serum albumin as reference. AMC release was monitored fluorometrically (excitation 360 nm, emission 465 nm) at 37°C in 96-well plates. Slopes corresponding to maximal reaction rates, increase in fluorescence per minute, were compared with AMC standards to determine the amount of AMC released.
Proteasome peptidase activity was determined by the difference in rates of substrate hydrolysis in muscle extracts that had been preincubated in the presence of lactacystin (BIOMOL Research Laboratories, Plymouth Meeting, PA), a proteasome-specific inhibitor (10), and untreated samples. Peptidase activity was expressed as milliunits per gram protein, where one unit of activity is equivalent to the release of 1 mol AMC/min under the specified reaction conditions. All reagents were obtained from Sigma Chemical (St. Louis, MO).
Statistics. A paired t-test was used to compare all parameters measured at baseline (High HIV RNA) and after plasma HIV RNA was reduced (Low HIV RNA). Pearson correlation was used to examine relationships between two variables. Significant differences were noted by P Ͻ0.05. Means Ϯ SE are reported for all variables, except CD4 and plasma HIV RNA, where median Ϯ SE are reported.
RESULTS
Virology. All 11 subjects reduced their plasma HIV RNA levels and increased their CD4 counts within 2-8 mo after starting or switching their antiviral medications. After treatment, median CD4 increased (98 vs. 139 cells/l, P ϭ 0.009) and median HIV RNA was reduced (155,828 vs. 100 copies/ ml, P ϭ 0.003; Tables 1 and 2) .
Body composition. Body mass index, FFM, muscle mass, fat mass, TBW, and RMR were not changed after plasma HIV RNA was reduced (Table 1) . However, a correlation was noted between the reduction in plasma HIV RNA and the changes in muscle mass (Pearson r 2 ϭ 0.51, P ϭ 0.007). Muscle mass represented 43% of FFM in these HIV-infected subjects regardless of the amount of HIV RNA. This value was 53% in seronegative subjects studied previously (44) .
Serum hormone concentrations. Circulating levels of anabolic and catabolic hormones were not significantly altered after plasma HIV RNA was reduced (Table 3) . It is important to note that the statistical power of these observations was low (16 -44%) because these were not primary outcome measures. As a result, it is possible that alterations in circulating levels of IGF-I, testosterone, insulin, cortisol, or thyroid hormone contributed to changes in muscle protein synthesis rate and plasma R a Gln after plasma HIV RNA was reduced.
Whole body and muscle amino acid kinetics. Plasma leucine and glutamine concentrations and the rates of protein breakdown, nonoxidative leucine disposal (i.e., protein synthesis), and leucine oxidation were not changed after plasma HIV RNA was reduced (Table 4 ; see Fig. 2 ). Whole body protein synthesis and proteolysis rates were similar to those reported previously for HIV-positive asymptomatic and AIDS-wasting subjects, and these were significantly greater than in seronegative subjects (44) .
Plasma R a Gln decreased (387 Ϯ 33 vs. 323 Ϯ 15 mol⅐kg FFM Ϫ1 ⅐h
Ϫ1
, P ϭ 0.04) after plasma HIV RNA was reduced. In the high HIV RNA condition, R a Gln was similar to that measured previously in HIV-positive asymptomatic subjects (44) and within the normal range reported by others (8, 9, 27) .
Mixed muscle protein synthesis rate increased (0.062 Ϯ 0.005 vs. 0.078 Ϯ 0.006%/h, P ϭ 0.01) after plasma HIV RNA was reduced (Fig. 1 ). These synthesis rates were calculated using muscle tissue free [ 13 C]leucine as the precursor pool enrichment, and our previous study used plasma [ 13 C]KIC enrichment for this calculation. This explains why the current synthesis rates are slightly higher than the previous synthesis rates. In the present study, when we used [
13 C]KIC as the precursor pool enrichment, the findings were exactly the same: muscle protein synthesis rate was significantly increased when plasma HIV RNA was reduced (High HIV RNA 0.044 Ϯ 0.005%/h vs. Low HIV RNA 0.055 Ϯ 0.006%/h, P ϭ 0.01). As expected, when [ 13 C]KIC was used as the precursor pool enrichment, the mean muscle protein synthesis rate for High HIV RNA was in agreement and precisely between the mean values reported previously for HIV-positive asymptomatic (0.048 Ϯ 0.003%/h) and AIDS-wasting subjects (0.035 Ϯ 0.004%/h). Interestingly, the five subjects with the smallest increases or a slight decrease in muscle protein synthesis rate (0.03 Ϯ 0.1%/day) all received abacavir (ABC) as a component of their anti-HIV regimen.
At baseline, the rate of mixed muscle protein synthesis represented 12 Ϯ 2% of the whole body protein synthesis rate (using [ 13 C]KIC to represent the precursor pool enrichment). After plasma HIV RNA was reduced, mixed muscle protein synthesis represented 15 Ϯ 2% of the whole body protein synthesis rate (P ϭ 0.01 vs. High plasma HIV RNA). In our previous study (44) , muscle protein synthesis represented 24 -25% of whole body protein synthesis rate in seronegative and HIV-positive asymptomatic subjects. In AIDS-wasting subjects (44) , and in the present study when plasma HIV RNA was highest, muscle protein synthesis rate represented only 12-17% of the whole body protein synthesis rate.
Muscle ChT-L, T-L, and PGPH activities. Lowering plasma HIV RNA reduced muscle proteasome ChT-L activity (14%, P ϭ 0.03) but did not affect T-L or PGPH activities (P Ͼ 0.07; Fig. 3 ). The reductions in ChT-L activity were not correlated with the reductions in plasma HIV RNA or the changes in muscle mass [P ϭ not significant (NS)]. If the increment in mixed muscle protein synthesis and the decrement in muscle ChT-L catalytic activity in each subject are extrapolated over the time they were treated, we estimate that the mean increase in muscle protein mass would be 1.3-1.4 kg. Urine creatinine excretion measures indicated that, on average, subjects gained 1 kg of muscle mass (Table 1) .
DISCUSSION
These findings indicate that reducing plasma HIV RNA improves muscle amino acid and protein metabolism. Subjects with high plasma HIV RNA had low muscle mass-to-FFM ratios and high rates of whole body protein synthesis and Fig. 1 . Mixed muscle protein synthesis rate was increased when plasma human immunodeficiency virus (HIV) RNA was reduced (*P ϭ 0.01). Symbols represent individual subjects. Muscle protein synthesis expressed as a fraction of whole body protein synthesis (Table 4) was 12 Ϯ 2% when HIV RNA was high and 15 Ϯ 2% when HIV RNA was lower (P ϭ 0.01), but still lower than 24 -25% in seronegative control subjects (44). proteolysis, but a smaller portion of the accelerated whole body protein turnover rate was utilized to synthesize muscle protein (12%). We suggest that this represents dysregulated muscle amino acid metabolism, partly because in HIV-seronegative subjects muscle protein accounted for 24 -25% of the whole body protein synthesis rate (44) . HAART substantially reduced plasma HIV RNA, and muscle protein synthetic rate (%/h) increased to a normal value, but it was still only 15% of the whole body protein synthetic rate. HAART improved muscle amino acid kinetics but did not correct them. Muscle mass and muscle mass-to-FFM ratio were not significantly increased after plasma HIV RNA was reduced, despite the fact that muscle protein synthesis rate was increased and muscle proteolytic activity was reduced. This indicates that, even when plasma HIV RNA was reduced to therapeutically acceptable levels, the muscle protein synthesis rate relative to whole body protein synthesis was still lower than normal. This failure to completely restore muscle protein synthesis to normal may explain why muscle and body cell mass are not restored to normal in patients effectively treated with HAART (22, 26, 38) . We suggest that some factor associated with a high HIV RNA adversely affects muscle amino acid metabolism and that lowering circulating HIV RNA to near-undetectable levels does not completely eliminate the suppressive effects of this factor on muscle protein accretion. For example, one candidate factor associated with HIV infection that possesses the potential to affect muscle amino acid metabolism is the HIV-1 accessory protein Vpr (virus protein-R) (18, 31) .
Reducing plasma HIV RNA reduced muscle chymotrypsinlike catalytic activity. This implies that proteolytic activity for at least one enzyme in the 20S proteasome core was reduced. The mechanism for this inhibition may be the anti-HIV medications used to reduce plasma HIV RNA. In several cell types (T cell lymphocytes and lymphoma, hepatoma), protease inhibitors [indinavir (IDV), ritonavir (RTV), saquinavir (SQV)] and reverse transcriptase inhibitors alone [lamivudine (3TC), zidovudine (azidothymidine; AZT)], but especially in combination, inhibit chymotrypsin-like and trypsin-like catalytic activities, but not PGPH activity, in isolated proteasomes (1, 19, 28) . The relevance of these in vitro observations has been questioned on the basis of the supraphysiological drug concentrations used (50 -100 M) (17) . In each of the 11 subjects studied here, these medications (3TC, AZT, IDV, RTV, SQV) constituted at least one component of the anti-HIV regimen used to lower HIV RNA (Table 2 ). Our in vivo findings suggest that physiological concentrations of anti-HIV medications may inhibit muscle proteasome chymotrypsin-like catalytic activity. We suspect, and evidence supports the notion, that HIV infection activates the ubiquitin-proteasome proteolytic pathway (13, 20) and anti-HIV medications may reduce or restore this activation to lower or more normal levels. Effective HAART appeared to lower the rate of muscle proteolysis but suboptimally increased the rate of muscle protein synthesis relative to whole body protein synthesis, so muscle mass was not dramatically increased.
Plasma R a Gln declined when plasma HIV RNA was reduced, and this indicates that muscle proteolysis or de novo synthesis of glutamine was reduced. About 65% of plasma R a Gln derives from de novo synthesis in skeletal muscle, and ϳ35% of plasma R a Gln derives from direct release of glutamine from muscle proteolysis (27) . The gastrointestinal tract (enterocytes), kidneys, liver, and immune cells (T-lymphocytes, macrophages) all utilize glutamine as a source of energy. In other cachectic conditions (cancer, trauma, surgery, catabolic hormone excess), plasma R a Gln and muscle glutamine synthetase expression are elevated (14) . Our findings support the notion that, in the cachectic state characterized by high plasma HIV RNA, leucine incorporation into skeletal muscle proteins is reduced, perhaps because intramuscular leucine transamination for the synthesis of glutamine is activated, and less leucine is available for muscle protein synthetic pathways (14) . The undesirable result of activated synthesis of glutamine (and alanine) from leucine (and other branched-chain amino acids) in severe illness is muscle protein wasting (14) . In high plasma HIV RNA-induced cachexia, presumably there exists an increased utilization of nitrogen or glutamine in enterocytes, T-lymphocytes, macrophages, kidneys, or liver.
We have not identified the cell or tissue where glutamine uptake is increased in HIV infection, but T-lymphocytes are actively destroyed by HIV infection and turn over rapidly in HIV-infected people. It is interesting to note that, in two small randomized, double-blind, placebo-controlled studies, glutamine-containing nutritional supplements increased body Fig. 2 . Plasma glutamine (Gln) rate of appearance was reduced when plasma HIV RNA was reduced (*P ϭ 0.04). FFM, fat-free mass. Symbols represent individual subjects. Fig. 3 . Muscle chymotrypsin-like activity was reduced when plasma HIV RNA was reduced (*P ϭ 0.03), whereas the catalytic activity of other enzymes present in the 20S proteasome core [trypsin-like, peptidyl glutamyl peptide hydrolase (PGPH)] was not affected.
weight, body cell mass, lean body mass, and intracellular water content in AIDS-wasting patients (6, 34) . In another study, glutamine supplementation reduced the severity of nelfinavirassociated diarrhea in HIV-infected people (16) . Taken together, these findings support the notion that glutamine is a conditionally essential amino acid in HIV-infected people with high plasma HIV RNA. A reduction in circulating levels of HIV RNA reduced the rate of muscle glutamine export, suggesting that either 1) the signal that activated muscle glutamine efflux was removed, or 2) the requirements for glutamine by other cells/tissues in the body were reduced.
It is reassuring that the amino acid kinetic measurements agreed with the static measurement of muscle mass and that the reduction in plasma HIV RNA correlated with the change in muscle mass. The changes in muscle protein synthesis and proteolysis rates predicted an increase in muscle mass (1.3-1.4 kg) that only minimally exceeded the indirect estimate for the increase in muscle mass (1 kg). The small difference may be accounted for because the increase in muscle protein synthesis and the reduction in catalytic activity are not instantaneous and simultaneous events that occur after switching/starting medications that reduce HIV RNA. Also, not all muscle chymotrypsin-like catalytic activity in the proteasome is devoted to myofibrillar protein breakdown, and other proteolytic pathways exist in muscle. On the basis of the average reduction in plasma HIV RNA, the average increase in muscle protein synthesis rate, the amount of time between the baseline and low HIV RNA measurements, and the assumption that muscle is 19% protein, we estimate that, for each 10,000 copies/ml reduction in plasma HIV RNA, ϳ3 g of additional muscle protein are synthesized per day.
It is possible that these findings can be attributed to a favorable effect of lowering plasma HIV RNA on circulating levels of testosterone, IGF-I, insulin, C-peptide, glucagon, leptin, cortisol, or thyroid hormone levels (anabolic or catabolic hormones). Although these serum hormone levels were not changed after HIV RNA was reduced, the sample size was limited, and we have not eliminated the possibility that several other endocrine/autocrine/ paracrine factors or cytokines that were not measured changed in a manner that can explain these findings.
There are some limitations. The medication regimens used to lower plasma HIV RNA in these subjects were very different. Each HIV-infected subject was treated with very complex and variable medication regimens at baseline, and no standard, single medication regimen is safe and efficacious for lowering plasma HIV RNA in every subject. Many factors that were not under our control determined what regimen was used to lower HIV RNA. As a result, we cannot attribute the improvements in muscle amino acid metabolism to a single medication or drug class. Despite the variability in medication regimens, the changes in muscle amino acid metabolism were consistent, with one exception; subjects receiving ABC tended to have the smallest increments or a slight decrement in muscle protein synthesis rate (Fig.  1) . The reasons for this are unknown. In human muscle cells, in vitro cytotoxicity and mitochondrial toxicity of ABC is less than for other nucleoside reverse transcriptase inhibitors (e.g., zalcitabine and stavudine) and nucleotide reverse transcriptase inhibitors (tenofovir) (4, 5) . We conclude that lowering plasma HIV RNA is either directly or indirectly associated with improved muscle amino acid metabolism.
Despite the reduction in plasma HIV RNA to very low levels in this study, this does not mean that the HIV virus and its potential effects were completely eradicated from these subjects. Even with undetectable HIV RNA in the circulation, HIV replication continues in tissue sanctuaries for HIV (lymph nodes, macrophages, dendritic cells). Our working hypothesis is that this active, low-level HIV replication or a viral protein produced during HIV replication persists in the low plasma HIV RNA condition, and this explains the observation that the fraction of whole body protein synthesis that is attributable to muscle protein synthesis remains lower than in HIV-seronegative control subjects. We have not identified the component of HIV replication that affects muscle amino acid metabolism, but several candidate factors exist.
The measurement of mixed muscle protein synthesis does not specifically indicate which muscle protein(s) was affected by the presence (high or low) of plasma HIV RNA. The techniques used to isolate mixed muscle proteins primarily reflect the in vivo synthesis rate for myosin heavy chain (12) . This suggests that the synthesis rate for a contractile protein that is responsible for muscle force production was affected by the presence of HIV RNA in the circulation.
In summary, muscle protein synthesis rate was reduced and muscle proteolysis was increased when the plasma HIV RNA level was high. Muscle amino acid metabolism was improved but not completely normalized when plasma HIV RNA was reduced, so muscle mass was only marginally affected. These findings support the existence of biological interactions between factors associated with chronic viral infection and muscle amino acid metabolism. The HIV-related factor that regulates muscle amino acid metabolism is under investigation. Glutamine may be conditionally essential in HIV-infected people with high plasma HIV RNA. Identifying anti-HIV medication regimens that effectively reduce plasma HIV RNA without adversely affecting amino acid, glucose, and lipid metabolism is a clinically important challenge.
